Diabetic nephropathy patients (DN) are characterized by increased lysine63 ubiquitination (Lys63-Ub) at the tubular level. Autophagy is deregulated under diabetic conditions, even though the molecular mechanisms and the consequences of this alteration need to be elucidated. The aim of this study was to investigate the link between Lys63-Ub and autophagy in DN and the involvement of these two processes in tubular cell fate. Immunohistochemistry of beclin-1, LC3, and p62 on kidney biopsies highlighted increased protein expression of all these autophagic factors at the tubular level in DN compared to other nephritis. Transmission electron microscopy confirmed the presence of diffuse vacuolization and autophago(lyso)somal structures in proximal tubular cells in DN. Accumulation of Lys63-Ub proteins in DN increased in accordance with the tubular damage and was associated to increased LC3 expression both in vivo and in vitro. Hyperglycemia (HG)-induced LC3 and p62 protein expression in HK2 cells together with Lys63-ubiquitinated proteins, and the inhibition of HG-induced Lys63-Ub by NSC697923 inhibitor, significantly reduced both LC3 and p62 expression. Moreover, in DN, those tubules expressing LC3 showed increased caspase-3 expression, supporting the hypothesis that deregulated autophagy induces apoptosis of tubular cells. In vitro, we confirmed a tight association between impaired autophagy, Lys63-Ub, and apoptosis since Lys63-Ub inhibition by NSC697923 abrogated HG-induced cell death and LC3 silencing also blocked hyperglycemia-induced caspase-3 activation. Our data suggested that prolonged hyperglycemia in diabetic patients can impair autophagy as a consequence of Lys63-Ub protein accumulation, thus promoting intracellular autophagic vesicles increase, finally leading to tubular cell death in DN.
Introduction
Diabetic nephropathy (DN) is the most serious complication of diabetes and the main cause of end-stage renal function failure worldwide [1] .
About 30% of the diabetic patients develop kidney injury afflicting glomerular capillaries and all the other renal compartments. DN can be biopsy proven by the identification of specific histological features: tubular hypertrophy, fibrosis and accumulation of extracellular matrix, mesangial expansion, and glomerular basal membrane thickening generating typical Kimmelstiel-Wilson lesions [2, 3] .
Even though chronic hyperglycemia affects primarily the glomeruli, recently, it became clear that the proximal tubular epithelium has a key role in renal function preservation, limiting DN evolution and progression [4] .
Many molecular pathways have been identified as altered due to chronic hyperglycemia kidney exposure and thus counted as pathogenic in DN [5, 6] . Our group recently identified the accumulation of Lys63-ubiquitinated proteins as a specific feature of tubular cells, thus driving the tubular damage progression and epithelial to mesenchymal transition in DN patients [7] . Accumulation of misfolded proteins may be responsible of an endoplasmic reticulum stress condition, thus influencing renal autophagy [8] . Autophagy is an evolutionary-conserved intracellular process playing an important role in the damaged proteins/ organelle degradation or in the compensatory intracellular response to various stimuli such as nutrient deprivation, stress, and extracellular environment changes [8] .
The autophagic machinery is composed of different autophagy-related (ATGs) proteins cooperating in the formation of the autophagosomes, early double-membrane structures that surround, enclose, and target proteins/organelles to be degraded. Phagophore nucleation is dependent on the class III phosphatidylinositol 3-kinase (PI3K) complex, that includes beclin-1 (bcln-1); subsequently, Atg proteins (from Atg5 to Atg12) mediate cleavage and lipidation of LC3 protein (microtubule-associated protein 1 light chain 3) converting the inactive LC3-I into the active LC3-II isoform, the latter is considered a marker of autophagosomes existence and can be detected through the observation of specific puncta [9] . Late autophagic vesicle drives the cargo to lysosome and merges with it rising up the authophago-lysosome in which enzymatic protein degradation occurs [10, 11] . The protein p62, or sequestosome 1, interacts with LC3, but it is continuously depredated by the autophagy-lysosome system [12] .
The role of autophagy in the kidney and in the progression of renal damage is still debated. Autophagy activation is protective in not proliferating permanent cells, like neurons and podocytes, in which the rapid and efficient removal of unfolded proteins and/or damaged organelles is necessary for a wellbeing living cell that has no replication possibility [13] . Conversely, in proximal tubular epithelial cells under normal conditions, basal autophagy is very low [14] . Hyperglycemia can largely influences autophagy activation in all renal compartments, supporting its possible involvement in the pathogenesis of diabetic complications [11, 15, 16] . However, the specific causes of impaired autophagy in DN and the molecular mechanism influencing this process are not yet understood.
Impaired autophagy has been frequently associated with cell death, especially with apoptosis as evidenced by the increased autophagosomes formation in dying cells, indicating that prolonged stress-induced autophagy failed as adaptive mechanism and stopped to prevent death program [17] .
The aim of this study was to investigate the crosslink between Lys63-ubiquitinated protein accumulation and impaired autophagy in vivo in kidney of diabetic patients with and without nephropathy. Moreover, we investigated how impaired autophagy contributes to the progression of apoptosis and tubular damage in DN.
Materials and methods

Cell cultures
Immortalized human renal proximal tubular epithelial cells, HK2, were obtained from American Type Culture Collection (ATCC, Rockville, MD). High glucose stimulus was performed by adding 24.5 mM of D-glucose (final concentration 30 mM); 24.5 mM L-glucose was added as the osmolarity control while serum-deprivation starvation represented the autophagy positive control. Chloroquine (CQ), a lysosomal pH inhibitor, was pre-incubated for 2 h at final concentration of 50 or 80 μM.
Patients
Kidney samples were obtained by needle-core biopsies, fixed in 4% formaldehyde, paraffin included, and processed for routine histologic staining. The histological lesions were scored independently by two pathologists blinded to the clinical history of the patient.
After patients signed an informed consent, remaining portions of kidney biopsies from 4 patients with type 2 diabetes (T2D); from 10 patients with type 2 diabetes and biopsy-proven diagnosis of diabetic nephropathy (DN), classified in accordance with Tervaert et al. [18] ;from 4 subjects with minimal change disease (MC); and 4 patients with biopsy-proven membranous nephropathy (GNM), were employed. The main demographics and clinical characteristics of the patients enrolled are reported in Table 1 .
Western blot
Aliquots containing 40 μg of proteins from each cell lysate were subjected to SDS/PAGE and then electrotransferred onto a 0.2-μm PVDF membrane (Bio-Rad). After blocking, the filter was incubated with the rabbit polyclonal anti-LC3 antibody (MBL International, Woburn, MA, USA) or with the antiubiquitin antibody (Abcam, Cambridge, MA, USA) or with the mouse monoclonal anti p62 antibody (Abcam) or anti-beta actin, mouse (Abcam), and the appropriate HRP-conjugated secondary antibodies. Each experiment was performed at least three times on biological independent replicates. The ECL enhanced chemiluminescence system (Amersham, Milan, Italy) was used for detection. The intensity of the bands was quantified by the ImageJ 1.34 software (National Institutes of Health, Bethesda, MD, USA; http://rsb.info.nih.gov/ij/).
ATG5, ATG7 and LC3 silencing
ATG5, ATG7, and LC3 silencing were performed according to the manufacturers' instruction by the transfection of four preselected siRNAs (1 nmol) for the target gene (FlexiTube GeneSolution, Qiagen) with TransIT-TKO® Transfection Reagent (Mirus Bio LLC, Madison, WI) in HK2 cells. All Star control siRNA (Qiagen) was used as the vital scrambled (SCR) control.
Immunohistochemistry
Immunohistochemistry of bcln-1 (Abcam), LC3 (MBL International, Woburn, MA, USA), p62 (Abcam, Cambridge, MA, USA), Lys63-ubiquitinated (Millipore, Darmstadt, Germany) proteins, and caspase-3 (Novus Biologcal, Littleton, CO, USA) expression was performed on 4-μm paraffin-embedded sections of tissue biopsies. After hydration and antigenic retrieval, sections were incubated with H 2 O 2 (3%) for 10 min and then permeabilized with Triton (0.25%) for 5 min at room temperature. After blocking with Protein block (Dako, Glostrup, Denmark) for 10 min, sections were incubated with the primary antibody for 1 h at r.t. in a humidified chamber and detected by the Dako EnVision G2 System (Dako). Sections were counterstained with Mayer hematoxylin and mounted with glycerol. The primary antibody was omitted for negative controls. Quantification was performed using the Positive Pixel Count v9_v10.0.0.1805 algorithm (Aperio Technologies) in order to measure the number of positive cells (Nsp/Atot). It was considered the number of cells with strong signal (3+) for each region (hpf).
Cells and tissue confocal microscopy LC3, p62, and Lys63-ubiquitinated protein distribution and cleaved caspase-3 were evaluated in vitro in HK2 cells and in vivo on human kidney biopsies sections by double indirect immunofluorescence staining and subsequently analyzed by confocal microscopy. The concentration of NSC697923 compound, a specific inhibitor of the UBE2v1, an E2 conjugating enzyme that mediates Lys63 ubiquitination [19] , was defined on a dose range that was demonstrated previously to be effective in the same cell type [7] .
In the specified conditions, cells were pre-incubated with NSC697923 inhibitor (final concentration 1 μM; SelleckChem, Houston, TX, USA) for 1 h or with CQ (Sigma, Missouri, USA) (final concentrations 50 μM) for 2 h before adding D-glucose and then fixed.
Cells and tissues were incubated for 1 h in blocking buffer and then with the primary antibody, rabbit and mounted in Fluoromount. The specific fluorescence was analyzed by confocal laser scanning microscopy using the Leica TCS SP2 (Leica, Germany), or the Leica TCS SP8, equipped with argon-krypton (488 nm) green neon (543 nm) and helium neon (633 nm) lasers. The images were recorded at ×63, ×40, and ×20 magnification in the different experiments using the Leica imaging software. For each experiment, LC3 puncta were counted per image considering five different images for each analysis and quantified by the Image J software as described in the literature [20] [21] [22] .
Transmission electronic microscopy
Samples were fixed in 2.5% glutaraldehyde, and after an overnight wash in the same buffer, the samples were post fixed with 1% osmium tetroxide in PBS for 2 h at 4°C. Fixed specimens were processed for embedding in epoxy resin-Araldite (M) CY212 (TAAB, Aldermaston, UK). Semi-thin sections of 2-μm thick were stained with toluidine blue. Ultra-thin sections were mounted on form warcoated nickel grids and stained routinely with uranyl acetate and lead citrate. Images of semi-thin sections were captured using a Nikon photomicroscope equipped with a Nikon Digital Sight DS-U1 camera (Nikon Instrument SpA, Calenzano, Italy). Ultra-thin sections were observed using a transmission electron microscopy Morgagni 268 (FEI Company, Italy).
Statistical analysis
Data are presented as mean ± standard deviation (SD) and compared by unpaired t test and/or Pearson correlation. A p < 0.05 was considered statistically significant.
Results
Tubular expression of bcln-1, LC3 and p62 autophagic factors increased in vivo in DN patients
We first evaluated if autophagy was altered in DN patients characterized by different histological damage (classes II, III, and IV) [18] , compared to type 2 diabetic patients without renal damage (T2D), membranous nephropathy (GNM), and patients with minimal change disease (MC). To this purpose, we evaluated the histological localization and protein expression of autophagic factors bcln-1 (Fig. 1 A- ; however, the increased expression of this factor involved in early autophagy activation was not sufficient to activate the complete process, since both LC3 and p62 expression were similar to MC and significantly lower in GNM when compared to DN patients ( Fig. 1 N, P 1 , P 2 ; V, X 1 , X 2 ). Interestingly, we observed an increased protein expression in step with the renal damage progression in diabetic patients and a maximum positivity in class III DN for bcln-1 and LC3 and class IV for p62 ( Fig. 1 H 1 , P 1 , X 1 ).
Ultra-structural analysis confirmed in vivo accumulation of autophagic structures in DN patients
In order to better understand the role of autophagy in the progression of proximal tubular damage in DN and to evaluate the distribution of autophagic vesicles into the diverse classes of DN patients, we performed transmission electron microscopy (TEM) on the patient's kidney biopsy sections, focusing on proximal tubular cells. Interestingly, when compared to the control kidneys from patients with minimal change disease, already in class I-II DN patients, we observed focal epithelial necrosis of tubular cells, with a reduction in cell-to-basement membrane adhesion and the presence of necrotic luminal debris. In DN class I/II, few autophagic vacuoles (number of autophagic vacuoles: 4 ± 2, 35 electron micrographs examined) were observed. We also observed that proximal tubular epithelial cells were flattened with reduced brush border and decreased complexity of basolateral membrane crease, associated to loss of cellular adhesion. Organelles were disarrayed and numerous vacuoles were present principally in the basal portion of the cytoplasm, many of which contained membranous material. Nuclei were irregularly shaped with moderate chromatin condensation. In patients with DN classified as class III, we observed an increased number of lysosomes and autophagolysosomes (number of autophagic vacuoles: 18 ± 5, 82 electron micrographs examined), electron-dense mitochondria with abnormal internal structure, dilated and fragmented endoplasmic reticulum (Fig. 2a) . Some nuclei were euchromatic with large nucleoli in the presence of perinuclear space. DN patients histologically classified as class IV presented different lysosomal structures with varying type and configurations of the electron-dense material: lysosome of amorphous different electron density material (Fig. 2b) , lysosome of lamellar and electron-dense structure (Fig. 2c) , and complex phagolysosomal structure (autophagolysosome) (number of autophagic vacuoles: 35 ± 5, 27 electron micrographs examined) with storage material of different electron density (Fig.  2d) . Higher magnification of a large autophagolysosome reveals a double-layered membrane focally identifiable at the periphery (Fig. 2e ). In this class of patients with the highest damage identified at the histological level, we observed a plethora of primary and secondary lysosomes, innumerable abnormal mitochondria, and numerous vacuoles many of which occupy the apical portion of cytoplasm and can represent the first step leading to cell death (Fig. 2a) .
Lys63 ubiquitinated protein accumulation correlated with increased LC3 expression in vivo
Since our group demonstrated that DN patients are characterized by an increased accumulation of Lys63 ubiquitinated proteins at tubular level [7] , we evaluated whether autophagy induction was linked to Lys63 ubiquitination. We investigated both processes in different classes of DN patients and MC patients by confocal microscopy. Interestingly, we observed that Lys63 ubiquitination was increased at tubular level in DN patients and its expression directly correlated with the progression of renal damage (Fig. 3a-c) . Moreover, we observed that the same tubules interested by Lys63-ubiquitinated protein accumulation were characterized by LC3 increased expression; magnification of tubuli also evidenced the presence of specific LC3 puncta (Fig. 3a, d , e). Of note, those tubules negative for Lys63 protein accumulation were also negative for LC3 expression. Hyperglycemia-induced autophagy activation depended on Lys63-ubiquitinated protein accumulation in vitro
First of all, we confirmed that increased autophagy was specifically due to hyperglycemia; thus, we analyzed the LC3 protein expression in the presence of CQ, an autophagy inhibitor. Both LC3I and LC3II were further increased in HK2 cells under HG conditions in the presence of CQ compared to HG or CQ alone, confirming that HG specifically activates autophagy in HK2 cells (Fig. 4a-c) .
In addition, we performed Western blotting analysis to evaluate p62 protein expression in HK2 cells under hyperglycemic condition in the presence of ATG5 and ATG7 silencing. Interestingly, hyperglycemia was able to increase p62 protein levels, thus underlying an impairment in autophagic vesicles turnover. By silencing of ATG5 and ATG7, we also confirmed that impaired autophagy is characterized by p62 protein accumulation. HG in the presence of ATG5 and ATG7 silencing induced a further increase in p62 protein levels underlying the role of HG in the autophagy impairment (Fig. 4d, e) . Accumulation of both LC3 and p62 induced by hyperglycemia in HK2 cells indicates that autophagy is blocked at a late stage of autophagy process, whereas LC3 accumulation with no p62 accumulation usually means increased autophagic flux. Thus, also in vitro, as demonstrated LG for 48 h in the presence or absence of ATG5 siRNA, either alone or in combination with ATG7 siRNA, as described in the BMaterials and methods^section. e Quantification of p62 protein levels in HK2 cells, normalized to beta-actin expression;°p < 0.05 vs basal; *p < 0.02 vs HG; #p < 0.02 vs siRNA alone. f, g Effect of hyperglycemia and ATG silencing on total ubiquitinated proteins in HK2 cells. f Western blotting for total ubiquitinated proteins in HK2 tubular cells cultured with HG or LG for 48 h in the presence or absence of ATG5 siRNA, either alone or in combination with ATG7 siRNA, as described in the BMaterials and methods^section. g Quantification of total ubiquitinated proteins in HK2 cells, normalized to beta-actin expression Finally, we analyzed total ubiquitination, which is mainly derived from the ubiquitin-proteasome pathway, a nonlysosomal protein degradation system. We observed that total ubiquitination, unlike lysine63 ubiquitination, is not affected neither from hyperglycemia nor from knockout of autophagic factors (Fig.4f, g) .
In order to confirm that hyperglycemia-induced autophagy activation depended on Lys63-ubiquitinated protein accumulation, we investigated, by confocal microscopy analysis on HK2 cells, the effect of hyperglycemia on the expression of both Lys63 ubiquitinated proteins and autophagic factors LC3 and p62 in the presence of the specific inhibitor NSC697923 [19] .
Hyperglycemia induced a significant time dependent increase in LC3 puncta (Fig. 5a, b ) and p62 expression (Fig. 5d , e), with a peak at 48 h of incubation, when compared to basal and L-glucose (LG) conditions; interestingly, both LC3 (Fig.  5a , c) and p62 (Fig. 5d , f) expression were significantly correlated with Lys63-Ub protein accumulation (LC3/Lys63Ub Pearson R value = 0.839, p = 0.03; p62/Lys63Ub Pearson R value = 0.9561, p = 1.5E-05), with both signals co-localizing, not only in the perinuclear space, as in basal and LG conditions, but also in the whole cytoplasmic cellular space.
Interestingly, the specific inhibition of Lys63-ubiquitinated protein accumulation, by NSC697923, repressed the hyperglycemia induced protein expression of both LC3 and p62 (Fig. 5a-f) . To confirm the ability of the LC3 antibody used in our experiments to specifically identify LC3II puncta, revealing the presence of autophagic vesicles, we performed LC3 silencing. LC3 knockout completely abolished the presence of LC3 puncta (Fig. 5g) , thus indicating the ability of the antibody to detect autophagic vesicles.
Moreover, since our initial hypothesis was that accumulation of lysin63 ubiquitinated proteins is at least in part responsible for impaired autophagy, we performed a confocal evaluation of lysin63 ubiquitination in HK2 cells under high glucose stimulation in the presence of LC3 silencing. This experiment confirmed that lysine 63 ubiquitination is independent on LC3 silencing, since lysin63 ubiquitinated protein accumulation is specifically due to hyperglycemia and occurs even when autophagy is blocked (Fig. 5h) .
Autophagy deregulation correlated with apoptosis activation in DN patients
To understand how chronic autophagy can influence tubular cell fate, we analyzed caspase-3 expression in kidney biopsies of T2D, DN, GNM, and MC patients. Interestingly, we observed that total caspase-3 expression was significantly increased in tubular cells of DN patients when compared to other groups (Fig. 6a-c) . To evaluate the specific link between autophagy and apoptosis, we performed double immunofluorescence analysis for cleaved caspase-3 and LC3. We confirmed that LC3 expression was significantly increased in DN patients in accordance with the progression of renal damage and also cleaved caspase-3 expression was increased in the same tubules positive for LC3 expression, suggesting activation of the apoptosis pathway (Fig. 6d ).
Lys63-ubiquitinated protein accumulation regulated both autophagy and apoptosis in tubular cells in vitro
To evaluate the role of lysin63 ubiquitination in regulating apoptosis under hyperglycemic conditions, we analyzed in vitro the effect of the specific inhibitor NSC697923 on cleaved caspase-3 expression.
Interestingly, we observed that HG induced both LC3 and cleaved caspase-3 expression, and both processes were linked to Lys63 ubiquitination, since specific inhibition by the NSC697923 inhibitor, blocked both hyperglycemia-induced LC3 and cleaved caspase-3 expression (Fig. 7a-d) . We also evaluated the effect of LC3 silencing on caspase-3 activation induced by hyperglycemia. Interestingly, we observed that impaired autophagy induced by hyperglycemia was able to specifically activate apoptosis through cleaved caspase-3 induction (Fig. 7e, f) .
Moreover, the autophagic flux inhibition by CQ did not induce cleaved caspase-3 activation that was only activated in the presence of HG, thus supporting the specific role of chronic hyperglycemia in the activation of apoptosis in tubular cells (Fig. 7g, h ).
Discussion
In the present paper, we demonstrated that (a) in vivo autophagy is deregulated in diabetic patients with renal disease (DN), (b) ultra-structural analysis in DN patients revealed that autophagic vesicles accumulate in proximal tubular cells and correlated with tubular damage, (c) LC3 protein co-localized with Lys63Ub protein accumulation in kidney biopsies of DN patients in accordance with tubular damage, (d) accumulation of Lys63 ubiquitinated proteins correlates with autophagy deregulation and the activation Fig. 6 Caspase-3 protein expression in vivo in DN patients. a Immunohistochemical analysis of caspase-3 was performed on kidney biopsies of diabetic patients without (T2D) and with renal damage (DN, respectively class II, DNII, class III, DNIII, class IV, DNIV) compared to minimal change disease (MC) and membranous nephropathy (GNM). b, c Quantification of the specific staining. Values are expressed as means + SD. Quantitative analysis was performed as discussed in the BMaterials and methods^. *p < 0.05 vs MC and GNM. NC negative control. d Double immunofluorescence for cleaved caspase-3 and LC3 was performed on kidney biopsies of diabetic patients without (T2D) and with renal damage (DN, respectively class II, DNII, class III, DNIII, class IV, DNIV) of apoptosis both in vitro and in vivo, and (e) inhibition of Lys63 ubiquitination in vitro abrogated hyperglycemiainduced autophagy activation and apoptosis induction.
Impaired autophagy has been frequently reported to influence pathogenic mechanisms of various human diseases, especially neurodegenerative and kidney diseases [23, 24] . It has been recently described that uncontrolled hyperglycemia in diabetic patients with neuropathy contributes to glycation and stress-induced proteins misfolding in endoplasmic reticulum of neuronal cells, with the consequent accumulation of these proteins aggregates in the cell that induces autophagy activation [25] . Moreover, Tanet al. demonstrated that Lys63-ubiquitinated proteins enhance protein inclusions generation and aggregosome-like formation in neurodegenerative diseases; furthermore, these Lys63-ubiquitin enriched protein inclusions are preferentially cleared via autophagy [26] .
Uncontrolled hyperglycemia, a typical feature of diabetes, has been proposed as a possible mechanism leading to uncontrolled autophagy [11, 15] . In vivo, in both type 1 and type 2 diabetic animal models, it has been demonstrated that hyperglycemia alters autophagy at tubular level with the consequent increase in p62 accumulation [27, 28] . These events have been recently correlated to autophagy impairment [29] . Impaired autophagy has also been described in vivo in DN patients [30] even though the basis of this molecular mechanism is not yet elucidated. We have recently demonstrated, in vitro in tubular cells and in vivo in class III DN patients, that hyperglycemia induces a significant increase in Lys63 ubiquitination [7] . For the first time, in the present paper, Lys63 ubiquitination emerged as a key pathogenic mechanism also responsible of autophagy deregulation driving the cell fate toward apoptosis, thus contributing to DN tubular damage progression.
In the present study, we observed in vivo in DN patients an increased expression of bcln-1 and LC3 proteins due to an activation of autophagy or a trafficking lysosomes blockage; since we observed a significant increase in p62 accumulation in patients with a higher class of histological damage, we hypothesized the block of the autophagic process induced by hyperglycemia, correlating with the tubular damage in DN. Instead in GNM, Beclin1 accumulation without the increased accumulation of LC3 and p62 could indicate increased autophagic flux with high range of authophagosome degradation. We know that one of the pitfalls in studying autophagy through immunohistochemistry in clinical samples is the diffuse staining intensity rather than compartmentalized puncta [10] . However, by this approach, we analyzed the expression of autophagic proteins in vivo to assess specific differences in diabetic patients with different kinds of renal damage. In addition, for the first time, we demonstrated that in vivo in DN patients, the same tubules characterized by increase in Lys63 ubiquitinated protein accumulation were those in which autophagy factors expression resulted upregulated. Nowadays, the gold standard for autophagy monitoring is the TEM, the only technique able to elucidate the real presence of subcellular autophagic structures like autophagosome, lysosome, and autophagolysosome. TEM data from kidney biopsies of enrolled DN patients confirmed that exacerbated autophagy activation is progressively higher from class II to class IV DN patients, retracing the entity of histological tubular damage. A limitation of the study is the limited number of patients enrolled; however, all of them were specifically characterized and homogeneous for the biopsy-proven histological damage in accordance with Tervaert et al. [18] , thus representing a specific group of patients characterized by typical histological features.
In our in vitro experiments, we demonstrated that hyperglycemia did not affect total ubiquitination represented overall by the ubiquitin-proteasome pathway, a non-lysosomal protein degradation system. Instead, we observed that the specific HG induction of the autophagic machinery was due to Lys63 ubiquitinated protein accumulation, since the specific inhibition of the last process by NSC697923 did not activate autophagy. In fact, Pulvino et al. already demonstrated that NSC697923 is a selective inhibitor of Ubc13-Uev1A, rather than a general inhibitor of ubiquitination [19] .
It is plausible that deregulation of lysine 63 ubiquitination induced by hyperglycemia can probably affect several pathways and influence diverse autophagy regulatory proteins, since, for example, the Ub-conjugating (E2) enzyme Ubc13-Uev1A complex is involved in NF-kB activation [31] . However, the characterization of the precise molecular mechanisms that influence these pathways with an effect on autophagy needs further investigation. Moreover, we do not know whether Lys63-ubiquitinated proteins are degraded by autophagy in our model, since we did not investigate the lysosomes biochemical nature and we did not identify selective Lys63 ubiquitinated proteins involved into autophagy regulation, but in other diseases, it has been demonstrated that Lys63 protein aggregates are preferentially cleared through autophagy [26] . In addition, Chin et al. reported that Lys63-linked polyubiquitination promotes the binding to p62 and facilitates the recruitment of autophagic membrane for the formation of an autophagosome [32] . Accumulation of lys63 ubiquitinated proteins is, however, a mechanism specifically induced by hyperglycemia, since we demonstrated that LC3 silencing did not affect this process under high glucose condition in tubular cells. Autophagosome accumulation has been described as a cell death feature; however, it is debated if autophagy by itself can cause cell death [33] . Different groups investigated autophagy in normal and diseased kidneys observing that autophagic activation could have a pro-survival or pro-death effect, probably due to factors cooperating at the crossroad of autophagy and apoptosis pathways like Bcl-2 and bcln-1 [17, 34, 35] .
Many groups demonstrated that autophagy is a pivotal process able to reduce apoptotic events for the capability to compensate various stress and disease-associated stimuli thus reducing or avoiding cell death [36] [37] [38] . However, in certain chronic stress conditions and in some cell types, such as in the kidney during ischemia-reperfusion injury, autophagy became a pro-death factor [14] . It has been demonstrated that impaired autophagy is associated with podocyte injury and increased proteinuria in DN. Yasuda-Yamahara et al. demonstrated that cultured podocytes incubated with sera from diabetic patients and from proteinuric rodents were characterized by lysosome dysfunction and apoptosis [39] . Thus, impaired podocyte autophagy is associated to the progression of DN. Moreover, in a diabetic mouse model, autophagy activation mediated apoptosis in endoplasmic reticulum stressed cells [39] . Wang et al. demonstrated that maternal diabetes afflicts embryo cranial neural crest cell development in which prolonged high glucose exposure dysregulates autophagy afflicting cell survival in favor of apoptosis [40] . In line with this, we confirmed the hyperglycemia crucial role in autophagy deregulation and in apoptosis activation in renal tubular cells since we observed that HG in HK2 cells was able to induce both autophagic flux and cleaved caspase-3 activation; in our in vitro hyperglycemia model in fact, autophagy inhibition by CQ further increased LC3 expression under HG conditions compared to HG or CQ alone, confirming the specific autophagy deregulation induced by hyperglycemia. Furthermore, apoptosis activation was not due to autophagy deregulation per se (as demonstrated by the low expression of cleaved caspase-3 in HK2 cells in the presence of CQ) but was specifically linked to lys63 ubiquitination induced by hyperglycemia. Moreover, impaired autophagy induced by hyperglycemia was able to specifically activate apoptosis upon LC3 silencing.
We also observed in vivo in human kidney biopsies that the diabetic environment induced caspase-3 activation resulting in higher apoptosis rate in patients with a higher histological damage, in accordance with lys63 ubiquitinated protein accumulation.
In conclusion, our data described a novel possible molecular mechanism responsible of altered autophagy in DN patients. We demonstrated that chronic hyperglycemia deregulated autophagy as a consequence of Lys63-Ub protein accumulation. However, uncontrolled autophagy could lead to tubular damage through the accumulation of intracellular vesicles and the apoptosis induction; both processes can be specifically inhibited through the lysine63 ubiquitination reduction by the specific inhibitor NSC697923. Inhibition of Lys63-ubiquitination may thus represent a novel therapeutic strategy to prevent progression of renal damage in diabetic patients.
